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ABSTRACT
The widespread prevalence of close-in, nearly coplanar super-Earth- and sub-Neptune-sized planets in
multiple-planet systems was one of the most surprising results from the Kepler mission. By studying
a uniform sample of Kepler “multis” with mass measurements from transit timing variations (TTVs),
we show that a given planetary system tends to harbor a characteristic type of planet. That is, planets
in a system have both masses and radii that are far more similar than if the system were assembled
randomly from planets in the population. This finding has two important ramifications. First, the
large intrinsic compositional scatter in the planet mass-radius relation is dominated by system-to-
system variance rather than intra-system variance. Second, if provided enough properties of the star
and primordial protoplanetary disk, there may be a substantial degree of predictability in the outcome
of the planet formation process. We show that stellar mass and metallicity account for of order 20%
of the variation in outcomes; the remainder is as-yet unknown.
1. INTRODUCTION
NASA’s Kepler mission (Borucki et al. 2010) discov-
ered an abundance of close-in (P . 100 days), tightly-
spaced multiple-planet systems (Lissauer et al. 2011;
Latham et al. 2011; Lissauer et al. 2014; Rowe et al.
2014). These systems are nearly coplanar (e.g. Fang
& Margot 2012), have low eccentricities (Van Eylen
& Albrecht 2015), and are rarely in low-order mean-
motion resonances (e.g. Fabrycky et al. 2014; Steffen
& Hwang 2015). Recent work by Weiss et al. (2017)
has further revealed that these multi-transiting systems
tend to be comprised of planets that are regularly-
spaced and more similarly-sized than planets drawn ran-
domly from the aggregate population. Simultaneous to
staying similarly-sized, the radii also tend to increase
slightly with orbital separation (Weiss et al. 2017; Kip-
ping 2018).
A key question is whether this statistically signifi-
cant “peas-in-a-pod” trend in planet radii extends to
masses as well. Most planets comprising the Kepler mul-
tis are so-called super-Earth/sub-Neptune type planets
with Rp = 1 − 4R⊕. These planets are common, oc-
curring around roughly half of Sun-like stars (Petigura
et al. 2013; Fressin et al. 2013). Because they bridge the
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gap between rocky and volatile-rich, super-Earths/sub-
Neptunes exhibit a startlingly wide range of densities
and plausible compositions (e.g. Rogers & Seager 2010).
The variance in possible gas fractions yields planet radii
that can be largely independent of mass (Lopez & Fort-
ney 2014) and produces significant intrinsic scatter in
the mass-radius relation (Weiss & Marcy 2014; Wolf-
gang & Lopez 2015; Wolfgang et al. 2016).
Given Weiss et al. (2017)’s observation of radius uni-
formity in multiple-planet systems, there are two options
for the masses, each of which is unusual and consequen-
tial. Either the masses are dissimilar and the planets in a
system are somehow capable of coordinating their radii,
or the masses – like the radii – are similar, so that for
a given system, the scatter in the mass-radius relation
is significantly reduced. Our goal here is to determine
which one of these scenarios dominates.
Most Kepler multis consist of stars that are too dim
and/or planets that are too small and distant for re-
liable radial velocity (RV) mass measurements. How-
ever, if the planets in a system exhibit significant inter-
planetary gravitational perturbations – most often by
being near a mean-motion resonance – the perturbations
can add constructively and produce substantial transit-
timing variations (TTVs) (Agol et al. 2005; Holman &
Murray 2005). Measuring TTVs for a multiple-planet
system permits estimation of the planet masses and ec-
centricities (see Agol & Fabrycky 2017 for a review).
Recently, Hadden & Lithwick (2017) conducted a com-
prehensive analysis of Kepler multiple-planet systems
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exhibiting significant TTVs (55 systems in total) to de-
rive mass estimates. This dataset offers a unique oppor-
tunity to assess the degree of intra-system similarity of
planet masses within Kepler multis.1
2. SYSTEM CLUSTERING AND ORDERING IN
THE MASS-RADIUS PLANE
We first examine the arrangement of Kepler multiple-
planet systems in the mass-radius plane. Weiss et al.
(2017) already demonstrated that planets in the same
system tend to be similar in radius. We ask: Does this
hold for mass too?
Our sample selection begins with the 145 Kepler plan-
ets (55 systems) with masses derived by the TTV anal-
ysis conducted by Hadden & Lithwick (2017). They
used two prior distributions for the masses: “default”
and “high mass”. We restricted the sample to the 37
systems for which all planets in a system had default
and high mass estimates that agreed within 2σ uncer-
tainties, and we adopted the default estimates. The 37
multi-planet systems contain 89 planets; there are 26
systems with two planets, 8 with three, 2 with four, and
1 with five. Planet radii and host star properties were
taken from the California-Kepler survey (CKS) catalog2
(Petigura et al. 2017; Johnson et al. 2017); the CKS pa-
rameters were available for 73 of the 89 planets. When
they weren’t available, or when the CKS and Hadden
& Lithwick (2017) planet radii deviated by more than
100% (as they did in 4 cases), we used the Hadden &
Lithwick (2017) radii for the discrepant planet and all
others in the system. We also updated the planet mass
estimates from Hadden & Lithwick (2017) by using the
CKS catalog stellar masses.
Figure 1 displays the orbital architectures of 25 of the
37 systems, with points scaled to planet radii and col-
oration according to mass. The systems were selected
based on a metric to be defined in the next section.
Planets in a given system tend to be remarkably simi-
lar, not only in radius, but also in mass. In the following
section, we will rigorously quantify this tendency for all
37 systems as an aggregate population.
2.1. Clustering in the Mp–Rp plane
One way to display intra-system clustering in the Mp–
Rp plane is with a set of directed graphs. The left panel
of Figure 2 uses a directed graph for each of the 37
systems. All planets in a given system have the same
color and have lines connecting them in orbital period
order. For clarity, the brightly-colored systems are the
1 Our full analysis is available at:
https://github.com/smillholland/Kepler Multis Uniformity.
2 https://california-planet-search.github.io/cks-website/
Figure 1. Orbital architectures for 25 of the 37 systems in
our sample. The dots are sized according to the planets’
relative radii and colored according to mass. The planet with
the smallest radius in this figure is Kepler-54 c with 1.3 R⊕;
the largest is Kepler-51 d with 10.1 R⊕. Visual inspection
suggests a high degree of within-system uniformity in both
radii and masses.
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Figure 2. The planet sample plotted as directed graphs in Mp–Rp space. All planets in a given system have the same color
and are connected by lines in orbital period order, with the thicker part of each segment attached to the planet with the larger
period. For clarity, only the 25 systems with the smallest normalized directed graph distance are brightly colored. The left
panel displays the 37 real systems, and the right panel depicts the directed graphs associated with a random permutation of
the planets in which the number of systems and number of planets in each system are conserved, but where planet mass/radius
pairs are shuffled. (See text.) The median radius uncertainty of the sample is 0.3 R⊕, and the median mass uncertainty is
0.7 M⊕ (low) and 1.5 M⊕ (high). Insets in the lower right compare the dispersion metric (see equation 1) between the set of
real systems (vertical green line) and the control population of 50,000 realizations of shuffled systems (histogram). The random
realization depicted in the right panel represents just one member of the histogram; its location is marked with a black tick.
25 with the smallest normalized total distance of the
graph, where the normalization is by the number of plan-
ets in the system. The remaining systems are plotted in
light gray. Inspection of the left panel of Figure 2 makes
it clear that planets in a given system tend to be closer
together than expected if the systems were randomly as-
sembled from planets in the population. That is, if we
know the location of one planet on the Mp–Rp plane, we
can guess with better than random accuracy where the
other planets in the system will fall.
Although this phenomenon of low Mp and Rp system
dispersion is identifiable by eye, a quantitative metric
is necessary for a rigorous analysis. The lengths of the
lines in Figure 2 are a good measure of the dispersion of
an individual system. To measure all systems at once,
we can consider the total distance, D, of all systems’
directed graphs in logMp–logRp space. This may be
expressed as
D =
Nsys∑
i=1
Npl−1∑
j=1
Pj<Pj+1
[(
log
Rj+1
Rj
)2
+
(
log
Mj+1
Mj
)2]1/2
.
(1)
Calculating the distance in log-space is beneficial be-
cause the resulting metric involves intra-system ratios of
radii and masses, which are known to better precision
than absolute values. In part, this is due to the elimi-
nation of the stellar radius and mass uncertainties. An
additional boost comes from the fact that TTV-derived
planet mass ratios are often more tightly constrained
than individual masses (e.g. Jontof-Hutter et al. 2016;
Hadden & Lithwick 2017).
This metric for system clustering on the Mp–Rp plane
is only meaningful if provided a control population for
comparison. To this end, we constructed 50,000 con-
trol sets of shuffled systems. In each realization, the
total number of systems and the number of planets
in each system were conserved, but the planets them-
selves were randomly shuffled. To denote this, let M =
(M1,M2, ...,MN ) and R = (R1, R2, ..., RN ) be the set of
all planet masses and radii in the population. We define
the symmetric group, SN , as the set of all permutations
of the set, {1, 2, ..., N}. If X ∈ SN , then M(X) and
R(X) represent a random shuffling of the planets, where
mass/radius pairs are maintained. The set of distance
metrics for the control population is therefore given by
4 Millholland et al.
{D(X) = D[M(X),R(X)] | X ∈ SN}. The right panel
of Figure 2 shows the directed graphs for one realization
of randomly shuffled systems. Just like the left panel,
the 25 systems with the smallest normalized total dis-
tances are plotted in color, with the others in gray. It
is clear that the real systems are much less dispersed
than the systems in this random realization. For in-
stance, most of the gray systems in the left panel are
significantly more clustered than the average among the
colored, best 25 in the right panel.
The panels in Figure 2 display the histogram of
{D(X) | X ∈ SN} for the 50,000 sets of shuffled sys-
tems. The value of D for the real systems is indicated
with a vertical green line. The distance (or equiva-
lently, dispersion) metric for the real systems is quite
remarkably small in comparison to the distribution of
{D(X) | X ∈ SN} for the control population. It is
smaller than the mean of the control set by 8.3σ. We
can also consider the individual mass and radius com-
ponents of the distance, DR and DM . Specifically we
define
DR =
Nsys∑
i=1
Npl−1∑
j=1
Pj<Pj+1
∣∣∣∣ log Rj+1Rj
∣∣∣∣, (2)
with a similar expression for DM . The values for the
real systems for radius and mass are respectively 5.3σ
and 7.6σ smaller than the control population means.
The extremely statistically significant reduction in the
system dispersion metric, D, compared to the random
expectation definitively indicates that planets in systems
tend to be comparable to one another in mass and ra-
dius. Among various important implications, this is of
prime relevance for understanding the arrangement of
planets in the mass-radius diagram.
Many authors have noted that the mass-radius rela-
tion exhibits astrophysical or intrinsic scatter (Weiss &
Marcy 2014; Wolfgang & Lopez 2015; Wolfgang et al.
2016). That is, at a particular radius, there is a wide
distribution of possible masses, reflecting a diversity in
compositions. This scatter is particularly pronounced
for super-Earths/sub-Neptunes (Lopez & Fortney 2014).
Our conclusion here is that astrophysical scatter in the
mass-radius relation is dominated by – or at least largely
linked to – system-to-system compositional dispersion
rather than within-system dispersion.
2.2. Ordering in Mp and Rp
Another property of interest is intra-system radius and
mass ordering when the planets are ranked by orbital pe-
riod. In a recent paper, Kipping (2018) examined the
radius size-ordering of observed Kepler multiple-planet
systems and found that systems tend to be statisti-
cally significantly size-ordered (thereby occupying low-
Figure 3. “Random walks” generated by directed graphs in
the Mp–Rp plane placed end-to-end. The colored trajectory
corresponds to the real systems, sorted from low to high
stellar mass. The black trajectories correspond to 100 sets
of systems with a randomized order for the planets in each
system.
entropy configurations) when compared to random ex-
pectation. A schematic way of investigating this for the
dataset under consideration is to plot all of the Mp–
Rp directed graphs in Figure 2 end-to-end. Drawing an
analogy to a random walk, the first planet in a given sys-
tem is co-located with the last planet in the preceding
system.
Figure 3 presents this schematic. The colored line rep-
resents the random walk of the set of 37 real systems,
ordered from low to high stellar mass. The black lines
represent the random walks of 100 sets of shuffled sys-
tems. These sets were randomized slightly differently
than in Section 2.1 because here we are isolating intra-
system mass and radius ordering. Rather than assem-
bling the systems from permutations of all planets in
the population, we simply randomized the order of the
planets in each system for each realization.
The trajectory for the real systems tends upwards and
to the right, confirming that, on average, the planets in
these systems tend to be size-ordered in both mass and
radius. At its end, the trajectory is also at the edge of
the “cloud” of the control population. We can quantify
ordering metrics, OR and OM , as the total displacement
of the trajectories in the radius and mass directions,
respectively. Specifically, we define OR as
OR =
Nsys∑
i=1
Npl−1∑
j=1
Pj<Pj+1
log
Rj+1
Rj
, (3)
with a similar expression for OM . Considering 50,000
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sets in the control population, we find that OR for the
real systems is 2.4σ larger than the control mean, and
OM is 1.8σ larger.3
Although this is not the first time that planet size
ordering in the Kepler multis has been shown (Ciardi
et al. 2013; Weiss et al. 2017; Kipping 2018), here we
have not only confirmed the observation of radius or-
dering but also extended it to mass.
3. CORRELATIONS WITH HOST STAR
PROPERTIES
We have shown that Kepler multi-transiting systems
tend to host “the same” planets, that is, planets that
are self-similar in their radii and masses. Consequently,
if provided all parameters of a host star and its natal
protoplanetary disk, it should be possible (hypotheti-
cally speaking) to predict the most probable outcome of
planet formation. What sets this default outcome? Here
we use regression analyses to investigate which charac-
teristics of host stars might be important in controlling
the properties of their planetary systems.
We first expand our sample to a much larger collec-
tion of Kepler multis rather than focusing on the 37
from Hadden & Lithwick (2017). The trends in mass
uniformity have already been examined, so we with-
hold planet masses from the analysis and focus instead
on system characteristics involving orbital and plane-
tary radii. The Weiss et al. (2017) “CKS multis” form
our base dataset. For consistency, we applied the same
cuts as Weiss et al. (2017) and discarded known false
positives, systems in Furlan et al. (2017) with dilution
from nearby stellar companions greater than 5%, grazing
transits with impact parameters, b > 0.9, and planets
with SNR < 10. The total sample contains 909 planets
in 355 multi-planet systems. Before proceeding, we re-
port the values of the CKS multis intra-system radius
dispersion and ordering metrics. We find that DR and
OR are 14.9σ smaller/10.5σ larger than their respective
control population means.
Multiple regression is well-suited to the problem of
correlating planet system characteristics with stellar
properties. We used the the ordinary least squares, gen-
eral linear regression from the scikit-learn Python
machine learning package (Pedregosa et al. 2011)4. The
stellar properties (independent variables) that are po-
tentially of interest and provided in the CKS catalog are
M?, R?, Teff , metallicity, log g, stellar age, and v sin i.
Due to their strong correlations with M?, we ignored
3 If we use all 55 Hadden & Lithwick (2017) systems, the results
for D, DR, DM , OR and OM are, respectively, 9.6σ, 8.2σ, 8.2σ,
3.0σ and 1.7σ.
4 http://scikit-learn.org/stable/modules/linear model.html
R?, log g, and Teff to avoid complications from multi-
collinearity.
For summary planetary system characteristics, we
considered the semi-major axis and equilibrium tem-
perature of the innermost planet (quantifying the “in-
ner edge” of the system), the median planet ra-
dius, and a measure of dispersion of the planet radii,
CVRp/CVRp,rand. This dispersion measure is the coeffi-
cient of variation (CV = σ/µ) of the planet radii within
a system normalized by that of an equal number of plan-
ets pulled randomly from the population.
The regressions reveal several weak but statistically
significant correlations of planet parameters with M?
and Fe/H; v sin i and stellar age had no significant
effects. Interestingly, the correlations we identified
strengthen significantly when considering systems with
progressively higher multiplicity; before discussing that
phenomenon in more detail, we will first summarize the
results for the 128 systems with three or more planets.
For ainner, M? and Fe/H explain ∼ 22% of the variation
(R2 = 0.22), with a positive correlation of ainner with
M? (β = 0.069AU/M, p < 10−5) and a negative cor-
relation with Fe/H (β = −0.057AU/dex, p < 10−5).5
The correlations are slightly stronger for Teq,inner; M?
and Fe/H together describe ∼ 30% of the variation in
Teq,inner, and both have positive correlations.
For the variation in median(Rp), Fe/H can alone
explain ∼ 21% with a positive correlation (β =
2.2R⊕/dex, p < 10−7, R2 = 0.21). M? produces no
significant impact.6 Likewise, the metallicity is posi-
tively correlated with CVRp/CVRp,rand (β = 0.7 dex
−1,
p < 0.0005, R2 = 0.1).
We stress that this dataset exhibits several mild viola-
tions of the assumptions of a multiple linear regression,
specifically multicollinearity (Fe/H and M? are corre-
lated with R2 = 0.19), non-linearity, and heteroscedas-
ticity. To address these, we performed non-parametric
tests using Spearman’s and Kendall’s rank correlations.
While there are (expected) differences in the correlation
coefficients, all conclusions are consistent with the mul-
tiple regression analyses.
Figure 4 displays the correlations graphically. The
most interesting features are the following:
- System inner edges trend closer to the star for
higher metallicities. This is true despite the pos-
itive correlations in ainner with M? and in Fe/H
with M?.
5 Three outliers with ainner > 0.15 AU were removed before
computation.
6 Four outliers with median(Rp) > 5R⊕ were removed before
computation.
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Figure 4. Correlations in planetary characteristics of the 3+ Kepler multis with M? and Fe/H. The dashed line in the bottom
right panel is the expectation of the CVRp/CVRp,rand dispersion measure if systems were assembled randomly from the collective
population.
- The median planet radii tend to increase with
metallicity.
- The within-system radius dispersion is generally
smaller than random expectation (as already dis-
cussed in Section 2.1). When size dispersion is
large, it is typically associated with high metallic-
ities, Fe/H & 0.
As mentioned previously, the correlations strengthen
significantly with planet multiplicity. For example, the
R2 of the correlation between M? and Fe/H (as indepen-
dent variables) and ainner (as the dependent variable) is
0.1 for systems with 2+ planets, 0.22 for 3+, and 0.39
for 4+. By sampling subsets of the 2+ systems, we con-
firmed that this observation is not simply a consequence
of the decrease in sample size with multiplicity.
4. DISCUSSION
We expanded on the findings of Weiss et al. (2017) to
investigate the within-system dispersion in the planet
masses and radii of Kepler multi-transiting systems.
The conclusions are striking: The masses and radii in
a given system are significantly more uniform as com-
pared to random expectation (to ∼ 8.3σ). Moreover,
both masses and radii tend to be ordered when the plan-
ets are ranked by orbital period. In light of these new
observations, the large astrophysical scatter of the mass-
radius relation has suddenly been endowed with much
more structure.
It is important to point out the selection biases that
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may be affecting our results. We considered a sam-
ple of 37 Kepler multis with TTV masses measured by
Hadden & Lithwick (2017). The covariance between
planet masses in the TTV posteriors (which we men-
tioned following equation 1) could work to slightly boost
the observed phenomenon of intra-system mass unifor-
mity. However, the correlations are not always posi-
tive, particularly for systems with more than two plan-
ets. Furthermore, our results are strictly only relevant
for near-resonant systems with sizeable TTVs. It is
conceivable that these systems have planet masses that
are significantly more uniform than the broader popula-
tion of Kepler close-in, coplanar systems. However, this
seems unlikely given that the tendency for systems to
exhibit radius uniformity exists beyond this TTV sam-
ple; it would be unusual for the planets in a system to
coordinate their radii but not their masses.
The correlations that we have found allow us to sketch
a plausible framework of explanation, while keeping in
mind that planet formation is likely a highly nonlinear
process, and that any such argument cannot be con-
strued as strictly deterministic.
Lee & Chiang (2015) outlined an analytic framework
that links the planetary gas-to-core mass ratio (GCR) of
a planet to protoplanetary nebular variables. For disk
lifetime, τ , and gas metallicity, Z, their theory predicts
GCR ∝ τ0.4M1.7coreZ−0.4(1− Z)−3.4. In other words, en-
hanced cooling associated with a high metallicity enve-
lope can permit higher GCRs and hence larger planets.
This insight, together with the observational evidence
that disk lifetimes are shorter in low metallicity environ-
ments (Yasui et al. 2010), is consistent with the positive
correlation between the median system radii and stellar
metallicities shown in Figure 4.
For disks with surface density power-laws concordant
with the Minimum Mass Extrasolar Nebula (Chiang &
Laughlin 2013), solid body accretion simulations, (e.g.
Hansen & Murray 2013), show the rapid development of
multiple solid cores with similar masses. A set of similar
cores will accrete gas at comparable rates, thereby finish-
ing the formation process with roughly equal masses and
radii. The enhanced cooling at high metallicity, how-
ever, makes it more likely for some planets to approach
runaway accretion, resulting in greater intra-system size
dispersion. Furthermore, the central role of metallicity
as a coolant permits planet formation at high equilib-
rium temperature, which may contribute to the correla-
tions that we have noted.
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